We evaluated the ability of cannabidiol (CBD) to impair the migration of tumor cells stimulated by conditioned medium. CBD caused concentration-dependent inhibition of the migration of U87 glioma cells, quantified in a Boyden chamber. Since these cells express both cannabinoid CB1 and CB2 receptors in the membrane, we also evaluated their engagement in the antimigratory effect of CBD. The inhibition of cell was not antagonized either by the selective cannabinoid receptor antagonists SR141716 (CB1) and SR144528 (CB2) or by pretreatment with pertussis toxin, indicating no involvement of classical cannabinoid receptors and/or receptors coupled to Gi/o proteins. These results reinforce the evidence of antitumoral properties of CBD, demonstrating its ability to limit tumor invasion, although the mechanism of its pharmacological effects remains to be clarified.
Introduction Cannabinoids, the active components of Cannabis sativa, and their derivatives, have a wide spectrum of pharmacological effects exerted through specific plasma membrane G-protein-coupled receptors. Two cannabinoid receptors, CB1 and CB2, have been cloned and characterized from mammalian tissues. Cannabinoids induce the inhibition of adenylate cyclases, influence ionic channels, and stimulate extracellular-signal-regulated kinase (ERK), c-Jun N-terminal kinase, and p38 mitogen-activated protein kinase, indicating that they may play a general role in the cell survival or death decision (Howlett et al., 2002) .
Numerous recent reports state that cannabinoids inhibit the viability of various types of cancer cells in vitro and in vivo (Parolaro et al., 2002; Guzman, 2003) . Cannabinoids induce apoptosis of malignant glioma cells, that is, from the most common primary cerebral tumor in adults. However, the psychotropic effects of these compounds limit their medicinal use.
In a previous work (Massi et al., 2004) , we demonstrated that the nonpsychoactive cannabinoid compound, cannabidiol (CBD), can limit glioma cell growth in vitro or in vivo, by inducing programmed cell death. However, the characteristic diffuse infiltrative growth of gliomas makes surgical removal impossible and substantially complicates the clinical management of these patients.
In general, tumor cell invasion is a complex process involving adhesion to molecules of the extracellular matrix, degradation of matrix component, and subsequent active tumor cell locomotion (migration). Therefore, an understanding of the capacity of CBD to prevent glioma cell migration would be important and could probably improve its use as a potential antitumoral compound.
The cannabinoids have complex effects on cell migration, stimulating or inhibiting depending on the cell type studied. Little is known about their action on tumor cell motility. Anandamide inhibits the migration of human colon carcinoma cells (SW480) through a CB1-dependent mechanism (Joseph et al., 2004) . In contrast, 2-AG increases the migration of HL-60 cells (Kishimoto et al., 2003) , and murine myeloid leukemia cells (Jorda`et al., 2002) . Since CBD's effects on malignant glioma cell migration have not been investigated yet, we investigated how this compound influences the motility of human glioma cells, and also considered the pharmacological viewpoint, assessing the role of cannabinoid receptors CB1 and CB2.
Methods and materials CBD was a generous gift from GW Pharm (Salisbury, U.K.). It was initially dissolved in ethanol to a concentration of 100 mM and stored at À201C. It was further diluted with tissue culture medium to the desired concentration for in vitro studies, keeping the ethanol concentration below 0.001%. SR141716A and SR144528 were kindly supplied by Dr F. Barth (Sanofi-Synthe´labo Recherche, Montpellier, France). Pertussis toxin (PTX) was purchased from Sigma-Aldrich (St Louis, MO, U.S.A.). Tissue culture media and all supplements were obtained from Sigma-Aldrich.
Cell culture We used U87 human glioma cells, maintained at 371C in a humidified atmosphere with 5% CO 2 and 95% air. Cells were cultured in 75-cm 2 flasks in DMEM supplemented with 4 mM L-glutamine, 100 U ml À1 penicillin, 100 mg ml À1 streptomycin, 1% sodium pyruvate, 1% non-essential amino acids, and 10% heat-inactivated foetal bovine serum.
Cell migration assay U87 cell migration was examined in a chemotaxis experiment using a 48-well modified Boyden chamber whose upper and lower compartments were separated by a polycarbonate filter (Biomap, Agrate Brianza, Italy), pore diameter 8 mm, coated with 15 mg ml À1 of fibronectin. Conditioned medium (CM) served as the chemoattractant, made by incubating a subconfluent culture of U87 cells with complete medium for 3 days. The coated filter was placed over the bottom chamber containing the CM. Serum-free medium was used as negative control. Cells were treated with CBD or vehicle for 30 min, and then seeded in the upper chamber at a concentration of 3 Â 10 4 cells well À1 . After 6 h incubation at 371C, the nonmigrated cells were scraped off the upper surface of the filter. The migrated cells on the lower side of the filter were stained with Diff-Quick stain (VWR, Scientific Products, Bridgeport, NJ, U.S.A.) and five to eight unit fields per filter were counted at Â 400 magnification using a Zeiss microscope.
For the experiments using the selective antagonists SR141716 and SR144528, cells were pretreated with the antagonists for 30 min, treated with CBD for another 30 min, and then seeded in the upper chamber. In the PTX studies, cells were preincubated with PTX at a concentration of 100 ng ml À1 in a 25-cm 2 flask for 4 h, and then harvested and exposed to CBD as reported above.
Western immunoblotting We prepared cell extracts from subconfluent cells grown in 75-cm 2 flasks. Cells were washed twice in phosphate-buffered saline, and pelleted by centrifugation. Pellets were resuspended in lysis buffer (10 mM Tris-HCl, pH 7.4; 1 mM phenylmethyl-sulfonylfluoride, PMSF; 2 mM aprotinin and 10 mM leupeptin), disrupted by sonication, and centrifuged at 10,000 Â g for 1 h at 41C. The protein concentration was determined by BCA assay (Pierce, IL, U.S.A.) and loaded at a concentration of 40 mg lane À1 in 10% SDS-PAGE. The gel was transferred to a nitrocellulose membrane, blocked with 7.5% milk in Tris-buffered saline/ Tween-20 overnight. The filters were then probed with the receptor polyclonal antibodies (Cayman, Ann Arbor, MI, U.S.A.) at a dilution of 1 : 800 for CB1 and 1 : 400 for CB2. Immunoreactive proteins were detected by incubation with horseradish peroxidase-conjugated anti-rabbit IG (Dako, Denmark, 1 : 3000) using the enhanced chemiluminescence system (ECL, Amersham, U.K.).
Statistical analysis Inhibition of cell migration was expressed as a percentage of inhibition with the vehicle (maximal stimulation). One-way ANOVA followed by Dunnett's test was used to compare groups. In the studies with antagonists, one-way ANOVA followed by Tukey's test was used.
Results
Inhibition of human glioma cell migration by CBD As shown in Figure 1 , the addition of CBD to the culture medium of human glioma cells for 6 h resulted in concentration-dependent inhibition of the migration induced by CM, with an estimated IC 50 of 5.0571.1 mM in a concentration range of 0.01-9 mM, that had no effect on cell viability, as we have already reported (Massi et al., 2004) . Similar results were observed when cells were incubated for 4 h (data not shown).
Effects of cannabinoid receptor antagonists on CBD-induced inhibition of cell migration Most of the effects of cannabinoids on the central nervous system described so far are believed to be exerted through the cannabinoid receptor. To determine whether CBD-induced inhibition of cell migration was dependent on the stimulation of these receptors, first we checked the presence of the receptors in our cell lines. Figure 2a shows the results of immunoblot experiments for CB1 and CB2 receptors. A single band of approximately 59 kDa molecular weight (Song & Howlett, 1995) was obtained for U87 cells, comparable with the band observed in murine glioma cells C6 and human glioma cell line U373 used as positive control, where CB1 have already been demonstrated (Sanchez et al., 1998) . Figure 2b reports the expression of the cannabinoid receptor CB2 in human glioma cells, with a molecular weight of approximately 40 kDa, which is comparable with CB2 receptors in the spleen that express two forms differing in molecular weight possibly because of different glycosylated forms of the receptors (Carlisle et al., 2002) .
We then proceeded using specific antagonists selective for CB1 and CB2 receptors, respectively, SR141716A and SR144528. As reported in Figure 3 , CBD virtually halved cell migration. This inhibition was not prevented by either of the antagonist, both used at two concentrations that did not alter cell viability and migration (data not shown), indicating that CBD's effect was not mediated by the classical cannabinoid receptors. In addition, we tested either the combination of the two cannabinoid receptor antagonists and the vanilloid antagonist, capsazepine, for the CBD-induced inhibition on cell migration. As reported in Figure 3b , the combination of the two cannabinoid antagonists (both at a concentration of 1 mM) failed to limit the inhibition induced by CBD. Also the TRPV1 antagonist, capsazepine used at a concentration of 0.625 mM (that did not alter cell motility per se, data not shown), failed to antagonize the CBD effects (Figure 3b ).
Inhibitory effect of CBD on cell migration after PTX treatment
To further exclude any interaction with classical cannabinoid receptors and/or Gi/o-protein-coupled receptors, in subsequent experiments, we pretreated cells with 100 ng ml À1 of PTX for 4 h. This partially impairs cell migration by about 15% compared with unpretreated cells (data not shown). As reported in Figure 4 , PTX did not prevent CBD inhibiting tumor cell migration. therefore a vital step towards improving the prognosis of patients with malignant gliomas. In a previous study, we demonstrated that CBD, a nonpsychotropic derivative of marijuana, impaired the viability of human glioma cell lines U87 and U373 in vitro and in vivo, suggesting its potential medical use. The present study shows, for the first time, that CBD can inhibit the migration of U87 human glioma cells in vitro. The cannabinoids' effects on cell migration have already been reported, although the main studies were on immune cells or endothelial cells, resulting sometimes in conflicting data depending on the cell type. Stimulation of the CB2 receptor by the endocannabinoid 2-AG was reported to increase the migration of HL60 and mouse microglia (Kishimoto et al., 2003; Walter et al., 2003) . In contrast, THC or the synthetic agonist CP-55,940 inhibited macrophage migration, involving both receptors, CB1 and CB2 (Sacerdote et al., 2000; Roth et al., 2002) . Anandamide has also been described as being able to inhibit the migration of SW480 colon carcinoma cells (Joseph et al., 2004) .
Discussion
Here, we found that CBD caused concentration-related inhibition of glioma cell migration in a range of concentrations starting from 0.01 up to 9 mM, which did not affect cell viability, as we have already reported (Massi et al., 2004) . In a first attempt to clarify the mechanism of action of CBD, we investigated whether the inhibition of tumor cell migration was due to the classical cannabinoid receptors. Neither the CB1 antagonist SR141716 nor the CB2 antagonist SR144528 prevented the cell migration inhibition in response to CBD. Also, the combination of the two cannabinoid antagonists or the TRPV1 receptor antagonist capsazepine failed to antagonize the inhibitory effects of CBD, strengthen our previous data (Massi et al., 2004) on the antiproliferative effects of CBD that resulted independent of cannabinoid and vanilloid receptors.
The role of cannabinoid receptors in CBD's pharmacological effects is anyway controversial. Binding studies have shown it could bind to cannabinoid receptors (Bisogno et al., 2001) , but in our pharmacological study, the selective antagonists did not block CBD's effects in vitro (Massi et al., 2004) . Since the existence of a third type of cannabinoid receptor has been suggested (Pertwee & Ross, 2002) to which CBD could potentially bind, with a view to excluding any interaction with Gi/o-coupled receptors, we evaluated the effect of CBD on cell migration also in the presence of PTX which, however, was unable to prevent CBD-induced inhibition, meaning that CBD does not act through cannabinoid and/or other receptors coupled to Gi/o proteins. These data are in line with our previous results about the proapoptotic effect of CBD on human glioma cells, which was not related to its interaction with cannabinoid receptors.
Since CBD has been reported to stimulate mouse microglia BV-2 cell migration (Walter et al., 2003) through potential binding with a still not fully characterized receptor named 'endothelial receptor sensitive to Ab-CBD' (Jarai et al., 1999) , we could speculate that CBD's effect in glioma might be due to an interaction with a similar type of receptor showing inverse agonist properties.
In conclusion, the present study demonstrates, for the first time, that CBD can inhibit the migration of tumoral cells. Although the mechanism of this action is not clear at the moment, we can exclude any engagement of classical cannabinoid receptors and/or Gi/o-coupled receptors. Our data further support the use of cannabinoids as antimetastatic drugs as previously demonstrated for met-fluoro-anandamide on rat thyroid cancer cell (Portella et al., 2003) . This antimigratory property, together with the known antiproliferative and apoptotic features of CBD (Massi et al., 2004) , strengthen the evidence for its use as a potential antitumoral agent.
